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The left±right body axis is coordinately aligned with the orthogonal dorsoventral and anterioposterior body axes. The
developmental mechanisms that regulate axis coordination are unknown. Here it is shown that the cardiac left±right
orientation in zebra®sh (Danio rerio) is randomized in notochord-defective no tail and ¯oating head mutants. no tail
(Brachyury) and ¯oating head (Xnot) encode putative transcription factors that are expressed in the organizer and notochord,
structures which regulate dorsoventral and anterioposterior development in vertebrate embryos. Results from dorsal tissue
extirpation and cardiac primordia explantation indicate that cardiac left±right orientation is dependent on dorsoanterior
structures including the notochord and is speci®ed during neural fold stages in Xenopus laevis. Thus, the notochord
coordinates the development of all three body axes in the vertebrate body plan. q 1996 Academic Press, Inc.
INTRODUCTION lations early in development or by genetic mutation, re-
sulting in a population frequency of approximately 50%
reversal of the normal left±right orientations (for review,In all vertebrates examined, left±right asymmetries are
see Yost, 1995b). This suggests that in the absence of normalconsistently aligned with respect to the anterioposterior
left±right information, the orientations of asymmetric or-and dorsoventral axes. In humans, perturbed left±right ori-
gans are stochastically determined, resulting in a ``random-entation in the heart or viscera has signi®cant medical im-
ization'' of left±right orientation (Brown and Wolpert, 1990;pact (Brueckner et al., 1991; Burn, 1991). However, the de-
Wilhelmi, 1921; Yost, 1995b).velopmental mechanisms that coordinate the alignment of
In Xenopus, experimental manipulations that reduce thethe body axes are unknown (Brown and Wolpert, 1990; Op-
development of dorsoanterior structures result in random-penheimer, 1974; Yost, 1995b). One of the earliest morpho-
ized cardiac left±right development (Danos and Yost, 1995).logical expressions of the left±right axis in vertebrate devel-
The anterioposterior and dorsoventral axes in vertebratesopment is asymmetric development of the heart. Left±right
are regulated in part by the organizer region of the embryo,development can be experimentally separated into two pro-
®rst described by Spemann and Mangold (Hamburger, 1988;cesses: the generation of asymmetry and the orientation of
Holtfreter, 1988; Spemann, 1938; Spemann and Mangold,left±right asymmetry with respect to the other body axes.
1924). Cells in the organizer form an embryological struc-The generation of left±right asymmetry from an apparently
ture, the notochord, which induces cell identities along thesymmetrical cardiac tube is driven by the morphogenetic
dorsoventral (Hatta et al., 1991; Krauss et al., 1993; Roelinkprocess of looping. Cardiac looping can be perturbed by in-
et al., 1994; Yamada et al., 1991) and anterioposterior axishibiting proteoglycan synthesis during late gastrula and
of the neural tube (Hemmati-Brivanlou et al., 1990) andearly neurula stages, during which the cardiac primordia
along the dorsoventral axis of somites (Dietrich et al., 1993;move to the ventral midline (Yost, 1990), or by inhibiting
Halpern et al., 1993; Pourquie et al., 1993). The notochordactin polymerization during looping stages (Itasaki et al.,
also functions as a structural support for the embryo, to1991). The consistent orientation of left±right asymmetry
elongate and straighten the embryo along the anterioposter-with respect to the dorsoventral and anterioposterior axes
ior axis during the postneurula stages in Xenopus embryoscan be eliminated either by speci®c embryological manipu-
(Adams et al., 1990; Spemann, 1938). As a midline structure,
the notochord separates the right and left halves of the em-
bryo, restricting longitudinal axons and dendritic processes1 To whom correspondence should be addressed. E-mail:
yostx001@maroon.tc.umn.edu. of motor neurons from crossing to the contralateral side
96
0012-1606/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
AID DB 8243 / 6X0f$$$141 06-14-96 18:08:01 dba AP: Dev Bio
97Speci®cation of Left±Right Orientation
amounts of notochord and adjacent dorsal tissue were removed(Clarke et al., 1991). Thus, the notochord is a key structure
from each of the indicated stages (Figs. 3 and 4). Cardiac left± rightin development of bilateral symmetry in vertebrates. The
orientation was scored in poststage 41 anesthetized embryos (Yost,observation that notochord development is correspondingly
1992). For notochord labeling, embryos were ®xed and in situ hy-reduced in embryos with randomized left±right asymmet-
bridized with collagen II RNA probe (Amaya et al., 1993; Danos andries suggests that the notochord might also be a key struc-
Yost, 1995). Embryos were made transparent in benzyl benzoate/
ture in the development of left±right asymmetry in verte- benzyl alcohol (2:1) and photographed.
brates (Danos and Yost, 1995).
To examine the role of the notochord in the development
of left±right asymmetry, genetic and embryological ap- RESULTS
proaches were undertaken. First we examined cardiac left±
right orientation in two mutants in zebra®sh, no tail (ntl) Zebra®sh Mutants with Defective Notochord
and ¯oating head (¯h), which disrupt notochord develop- Development Have Randomized Cardiac Left±
ment (Halpern et al., 1993; Talbot et al., 1995). ¯h, encoding Right Asymmetry
a homeodomain-containing putative transcription factor
To test the hypothesis that notochord is necessary for(Talbot et al., 1995), is the homolog of Xenopus Xnot. ntl
normal left±right development, zebra®sh mutants thatis the zebra®sh homolog of the mouse Brachyury (T) gene
have defective notochords were examined for cardiac left±(Schulte-Merker et al., 1994). Both of these genes are ex-
right orientation. In ¯h mutants, notochord is completelypressed in the notochord and are necessary for normal noto-
absent, somites from the left and right sides are fused, andchord development. Cardiac explantations and dorsal mid-
a discontinuous ¯oor plate is present in the posterior spinalline extirpations of Xenopus laevis embryos were used to
cord (Halpern et al., 1995; Talbot et al., 1995). In ntl mu-assess the developmental timing of the speci®cation of the
tants, differentiated notochords are absent, but in contrastcardiac left±right orientation.
to ¯h mutants, notochord precursor cells remain present at
the midline and are capable of inducing a normal ¯oor plate
MATERIALS AND METHODS (Halpern et al., 1993; Krauss et al., 1993; Schulte-Merker et
al., 1994; Talbot et al., 1995).
Zebra®sh Embryos Cardiac left±right orientation is randomized in both of
Zebra®sh that were heterozygous for either ntlb160 or ¯hnl were these notochord-defective mutants. One-half of the homo-
crossed and embryos were collected according to standard protocol zygous ¯h mutants (Fig. 1B) or homozygous ntl mutants
(Wester®eld, 1995). Cardiac left ±right orientation was scored in (Fig. 1D) had reversed left±right cardiac orientation (Table
anesthetized embryos (Yost, 1992) and embryos were ®xed for sub- 1). These results indicate that the mechanism by which
sequent immunohistochemical analysis (Danos and Yost, 1995). cardiac left±right asymmetry is generated has not been af-
fected, but the mechanism that orients left±right asymme-
Cardiac Primordia Explants try with respect to the other body axis has been disrupted in
¯h and ntl mutants. The phenotypically wild-type embryosFor explantation and extirpation experiments described below,
from the same crosses, i.e., heterozygous mutants and ho-Xenopus embryos were obtained and treated as described by Danos
mozygous wild type, had normal notochords and normaland Yost (1995) and staged according to Nieuwkoop and Faber
(1967). Vitelline membranes were manually removed from embryos cardiac left±right orientation (Figs. 1A and 1C; Table 1).
using sharpened watchmaker forceps, and precardiac mesoderm Thus, ¯h and ntl are required for normal notochord develop-
and apposing ectoderm were explanted at various stages using tung- ment and normal orientation of cardiac left±right asymme-
sten wire mounted on glass handles (Fig. 2A). This region has been try. Since ntl and ¯h encode cell autonomous transcription
shown by fate maps (Keller, 1976) and explantation experiments factors that are expressed in the notochord, these results
(Sater and Jacobson, 1989, 1990; Yost, 1990) to contain precardiac
indicate that left±right cardiac orientation is dependent onmesoderm. As much endoderm as possible was removed without
notochord development.damaging the underlying mesoderm. Explants were cultured until
sibling embryos had looped hearts (Danos and Yost, 1995). Explants
were ®xed for immunohistochemical analysis and cardiac meso- Developmental Speci®cation of Left±Right
derm was stained with MF20 (Gonzalez-Sanchez and Bader, 1984)
Orientationusing whole-mount immunohistochemistry (Danos and Yost, 1995;
Keller, 1976). Explants were made transparent in benzyl benzoate/ The above results indicate that genetic lesions in putative
benzyl alcohol (2:1), scored, and photographed. The left ±right orien- transcription factors ¯h and ntl expressed in the notochord
tation of the looped cardiac explant was determined by assessing result in randomization of cardiac left±right asymmetry.
the topological relationships of the three chambers with bifocal
However, they do not indicate the developmental periodmicroscopy (Yost, 1990).
during which left±right orientation is speci®ed in cardiac
primordia and when cardiac left±right orientation is depen-
Dorsal Tissue Extirpations dent on normal notochord development. Two complemen-
tary lines of experimentation in embryos of X. laevis wereDorsal tissues were surgically removed from devitellinized Xeno-
pus embryos using tungsten wire mounted on glass handles. Similar performed to assess the developmental period during which
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TABLE 1
Randomization of Left±Right Orientation in Notochord-
Defective Zebra®sh Mutants
Reversed
Phenotype Genotype N (%)
Wild type //ntl or /// 1227 1
No tail ntl/ntl 248 50*
Wild type //¯h or /// 321 2
Floating head ¯h/¯h 54 44*
* For the homozygous recessive mutants, the rate of cardiac re-
versal was statistically identical to randomization (50%, by x2 anal-
ysis).
stages, the precardiac mesoderm is a sheet of loosely con-
nected cells; it does not coalesce to from a cardiac tube until
14 to 16 hr later (stages 28 to 30). Looping of the cardiac
tube does not occur until 25 to 32 hr later (stages 33 to 36)
(Yost, 1991). Thus, cardiac left±right orientation is speci®ed
early in development, during neurulation, long before it is
morphologically expressed.
FIG. 1. Zebra®sh mutants with defective notochords have ran-
domized cardiac orientation. Ventral view of embryos stained with
MF20 (Gonzalez-Sanchez and Bader, 1984) to view the cardiac ven-
tricle and out¯ow tract, indicated by arrow. Atrium is lightly
stained and out of the focal plane. Anterior is at the top. (A) Pheno-
typically wild-type embryo from no tail cross, displaying normal
cardiac left±right orientation. (B) Floating head (¯h) mutant with
cardiac left ±right reversal and smaller area of staining. (C) ntl mu-
tant with a normal heart. (D) ntl mutant with a left±right reversed
heart. Scale bar represents 100 mm.
cardiac left±right orientation is speci®ed: explantation of
cardiac primordia and extirpation of dorsal tissues.
To assess when left±right orientation is speci®ed in car-
diac primordia, precardiac mesoderm and apposing ecto-
derm were explanted from X. laevis embryos at various
stages and cultured in vitro. Most explants form a cardiac
FIG. 2. Speci®cation of cardiac left ±right orientation. (A) Sampletube that loops and beats in vitro (Yost, 1990). Explants
X. laevis embryo depicting region of explanted precardiac meso-taken from neural fold- and neural groove stage embryos
derm at stage 18. Explants from stage 18 embryos in which the(stages 16±18) formed looped cardiac tubes that had ran-
left± right orientation was (B) normal or (C) reversed. The darklydomized left±right orientation (Fig. 2C and Table 2). Ex-
stained conus (c) and ventricle (v) and the lightly stained atrium
plants taken from embryos at neural tube and tailbud stages (a) were morphologically distinct. The open extremity of the atrium
(poststage 18) formed looped cardiac tubes that had normal appeared ¯ared and attached by unstained mesoderm to the enclos-
left±right orientation (Fig. 2B and Table 2). These results ing surface of the explant. The left±right orientation was assessed
indicate that cardiac left±right orientation is speci®ed dur- with bifocal microscopy as previously described. Scale bar repre-
sents (A) 2 mm and (B, C) 50 mm.ing neurulation, before neural tube closure. During these
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FIG. 3. Extirpation of dorsal tissue disrupts notochord development. Equivalent amounts of dorsal tissues, including notochord, were
deleted in X. laevis embryos by extirpations at different stages. (A) Diagram of tissue extirpation on a neural fold stage embryo (stage 15).
(B) Diagram of tissue extirpation on tailbud stage embryo. (C) Notochord labeled by in situ hybridization in stage 36 embryo from which
dorsal tissue was extirpated at stage 18. (D) Notochord labeled by in situ hybridization in stage 36 embryo from which dorsal tissue was
extirpated at tailbud (stage 28). Arrows mark the boundaries of notochord de®ciency. Scale bar represents 2 mm.
Speci®cation of Cardiac Left±Right Orientation Is essary for the establishment of normal cardiac left±right
asymmetry during neurulation. Extirpation at neural foldDependent upon Dorsal Midline Cells during
Neurulation or neural groove stages (15 or 18) resulted in randomization
or increased reversals of cardiac left±right asymmetry (Fig.
To assess whether speci®cation of cardiac left±right 4). Extirpation during neural tube and tailbud stages, after
asymmetry during neurulation is dependent on dorsal tis- the neural plate has closed (stages 20±28), did not result in
sues, including notochord, dorsal tissue was removed from signi®cant cardiac reversals (Fig. 4). Thus, cardiac left±right
X. laevis embryos at various developmental stages (Figs. 3A orientation becomes refractory to perturbation by dorsal tis-
and 3B). As controls, other embryos were cut along both sue extirpations at the same developmental stages during
sides of the dorsal midline without removing tissue from which cardiac explants gain speci®cation of left±right ori-
the embryo (mock-dissected controls). Regardless of the de- entation.
velopmental stage at which the extirpation was performed,
embryos displayed equivalent deletions of notochord and
adjacent tissue and a dorsally curved body axis (compare DISCUSSION
Figs. 3C and 3D). Collagen II RNA in situ hybridization to
detect notochord revealed that extirpations resulted in a gap ntl and ¯h are the ®rst cardiac left±right defective mu-
tants described in zebra®sh. The discovery that two tran-in the notochord just posterior to the head, but that nor-
mally vacuolated notochord developed on either side of the scription factors, ntl and ¯h, that are expressed in embry-
onic notochord are necessary for normal cardiac left±rightextirpation site (Figs. 3C and 3D). Embryos subjected to
the mock dissections had uninterrupted notochords and a orientation indicates that the notochord serves a role in
cardiac left±right development. Explantation and extirpa-normal body axis (not shown).
The effects of dorsal tissue extirpation on cardiac left± tion results in Xenopus indicate that cardiac left±right ori-
entation is speci®ed during neural fold stages and that dor-right orientation were dependent upon the developmental
stage at which dorsal tissue was removed (Fig. 4). Intact, sal tissues, including the notochord, are necessary for nor-
mal cardiac left±right development.contiguous notochord and adjacent dorsal tissues were nec-
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TABLE 2 of cardiac left±right orientation. Results from explantation
Cardiac Left±Right Orientation is Speci®ed during Neural experiments in Xenopus (Fig. 2 and Table 2) indicate that
Fold Stages cardiac primordia are autonomously speci®ed for left±right
orientation by neural tube stage (stage 20); separating car-
Explant stage N Reversed (%) diac primordia from other tissues in the embryo before these
stages results in randomized cardiac orientation. Results16±18 43 49*
from the extirpation experiments (Figs. 3 and 4) concur with19±22 28 21
22±24 23 9 the timing of cardiac left±right speci®cation and suggest
that the notochord is required for cardiac left±right speci®-
* Z test of two independent proportions indicates that the fre- cation. The extirpation experiments removed the notochord
quency of cardiac reversals in explants from stages 16 to 18 is but also disturb or remove adjacent midline tissues, most
signi®cantly different (P  0.01) from the rates at later stages.
notably the overlying ectodermal cells that normally give
rise to neural ¯oor plate and some adjacent somite precur-
sors. Since the notochord is not in direct contact with the
Speci®cation of Cardiac Left±Right Orientation: cardiac primordium, it is possible that notochord-dependent
Developmental Timing tissues participate in the interactions between the noto-
The results presented here are the ®rst to show the develop- chord and the cardiac primordium. Two observations ad-
mental timing of the speci®cation of the left±right orienta- dress the somites. First, in mildly UV-treated Xenopus em-
tion. Cardiac left±right orientation can be randomized in Xen- bryos, notochord development is defective (Danos and Yost,
opus embryos by perturbation of dorsoventral axis formation 1995; Youn and Malacinski, 1981), yet somite segmentation
during the ®rst cell cycle (Danos and Yost, 1995), perturbation and somite number are normal and somites are occasionally
of extracellular matrix during gastrula stages (Yost, 1992), ec- fused across the midline (Youn and Malacinski, 1981). The
topic expression of the signaling peptide Xwnt-8 in blastula cardiac left±right asymmetry in these embryos is random-
stages (Danos and Yost, 1995), or in chick embryos by ectopic ized (Danos and Yost, 1995). Second, extirpations at the
expression of the signaling peptides activin or sonic hedgehog neural plate stages that remove notochord and ¯oor plate
during gastrulation (Levin et al., 1995). However, while these without removing somitic tissue result in cardiac reversal
experiments suggest that cell to cell signaling pathways are rates that are signi®cantly greater than in mock-dissection
involved, none assess the period during which cardiac primor- controls (data not shown). Due to neural tube formation,
dia acquire developmental speci®cation of left±right orienta- comparable precisely targeted extirpations are not possible
tion. Here it is shown by cardiac explants and notochord extir- at later stages. However, these results narrow the considera-
pation experiments that left±right speci®cation occurs during
neural fold stages, well before cardiac looping occurs.
The speci®cation of left±right orientation is temporally dis-
tinct from the induction of heart mesoderm and from cardiac
looping. The explants of cardiac primordia described here were
performed after induction of heart mesoderm (Nascone and
Mercola, 1995; Sater and Jacobson, 1989). In these explants,
the generation of left±right asymmetry by cardiac tube loop-
ing is also shown to be distinct from speci®cation of cardiac
left±right orientation; formation of looped hearts is indepen-
dent of explantation stage, whereas left±right orientation of
looped hearts is explantation-stage dependent. Recently, work
by Levin et al. (1995) has demonstrated the involvement of
asymmetrically expressed molecules in the determination of
cardiac left±right orientation in chick. As in chick (Levin et
al., 1995), a nodal-related gene is asymmetrically expressed
in Xenopus embryos (J. Lohr, M. C. Danos, and H. J. Yost,
manuscript in preparation). However, this asymmetric expres-
sion pattern appears during and after the stages that cardiac
left±right orientation is speci®ed, suggesting that asymmetric
FIG. 4. Extirpation of dorsal tissue during early neurula stages
expression of this nodal-related gene occurs after signaling randomizes cardiac left± right orientation. Graph of results from
from the notochord (J. Lohr, M. C. Danos, and H. J. Yost, extirpation experiments diagrammed in Fig. 3. Solid bars represent
manuscript in preparation). the percentage of left ±right cardiac reversals in embryos from
which dorsal tissue was extirpated at the indicated stages; hatchedSpeci®cation of Cardiac Left±Right Orientation: bars represent mock-dissected controls. Vertical numbers above
The Notochord each bar indicate the number of embryos examined. * indicates P
The following arguments suggest that the notochord is  0.005 by x2 analysis, comparing extirpations and control dissec-
tions at the same stage. nd indicates not determined.the primary dorsal midline tissue required for speci®cation
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tions for which dorsal tissue in Xenopus is required for this ECM, which is deposited during gastrulation, results
in randomization of left±right orientation (Yost, 1992).cardiac left±right orientation to the notochord and the ¯oor
plate. Finally, comparison of notochord-dependent pheno- Elongation of the Xenopus embryo is driven in part by the
notochord (Adams et al., 1990) and might align ECM ®brilstypes in the two zebra®sh mutants also makes it unlikely
that ¯oor plate or organizer tissue is involved in cardiac along the anterioposterior axis of the embryo.
left±right speci®cation. Neural ¯oor plate development is
apparently normal in ntl mutants (Halpern et al., 1993) and
to some extent of ¯h mutants (Talbot et al., 1995), yet car- Left±Right Mutants and Linkage of Embryonic
diac left±right asymmetry is randomized. Similarly, the or- Axes
ganizer that gives rise to the notochord appears to be normal
Two mutations in mice have been identi®ed that alterin ¯h mutants (Halpern et al., 1995; Talbot et al., 1995),
left±right development: homozygous inv mice have re-yet cardiac left±right asymmetry is randomized. Thus, in
versed left±right orientation (Yokoyama et al., 1993) andboth zebra®sh mutants and in the extirpation studies in
homozygous iv mice have randomized left±right orienta-Xenopus, the notochord appears to be the common element
tion (Brueckner et al., 1989; Hummel and Chapman, 1959;that is necessary for cardiac left±right orientation.
Layton and Manasek, 1980). The products of these mouse
genes have not been described. Notochord defects in these
Mechanisms for Regulation of Left±Right mutants have not been reported, but apparently normal
Asymmetry by the Notochord trunk and tail development suggests that there are no major
defects in notochord formation. Our ®ndings of cardiac left±There are three general mechanisms by which the noto-
right randomization in zebra®sh notochord-defective mu-chord might be necessary for cardiac left±right develop-
tants predict that mice mutants with defective notochordsment. First, the notochord might be a source for signaling
might display cardiac left±right defects. For example, muta-molecules involved in cardiac left±right orientation, as it
tions in the zebra®sh ntl (Halpern et al., 1993; Schulte-is in the development of the neural tube and somites (Die-
Merker et al., 1994) and the homologous mouse Brachyurytrich et al., 1993; Halpern et al., 1993; Hatta et al., 1991;
(T) genes (Beddington et al., 1992; Herrmann, 1991; Herr-Hemmati Brivanlou et al., 1990; Krauss et al., 1993; Pour-
mann and Kispert, 1994) have strikingly similar phenotypesquie et al., 1993; Roelink et al., 1994; Yamada et al., 1991).
with respect to defects in notochord and posterior meso-As discussed above, cell to cell signaling pathways and the
derm formation. Preliminary observations of Brachyury (T/secreted signaling peptide shh appear to be involved in left±
T) homozygous mutant embryos suggest that cardiac loop-right development in chick embryos (Levin et al., 1995).
ing might be perturbed in notochord-defective mice (seeHowever, the transient left±right asymmetric expression of
comment by N. Brown in Herrmann, 1992).shh in chick embryos has not been detected in mice, zebra-
The experiments described here indicate that the noto-®sh (cited in Levin et al., 1995), or Xenopus embryos (J.
chord is involved in the speci®cation of cardiac left±rightLohr and H. J. Yost, unpublished data). Second, the noto-
orientation during neural fold stages. A search for geneschord could serve to establish or maintain a barrier at the
that regulate cardiac left±right development and are respon-midline. The notochord synthesizes an abundant extracel-
sible for cardiac left±right defects must extend beyondlular matrix and is inhibitory to neural crest and neurite
genes expressed speci®cally in the heart and must includeoutgrowth (Bronner-Fraser, 1993; Smith and Watt, 1985;
consideration of structures such as the notochord that haveStern et al., 1991). Similarly, the notochord or its extracellu-
key roles in other developmental processes. The notochordlar matrix could serve as a midline barrier or sink for signal-
patterns various structures along the anteroposterior anding molecules, allowing signals to accumulate on one side
dorsoventral axes and is shown here to be necessary forof the midline without crossing to the contralateral side.
cardiac left±right orientation. Thus, the notochord servesExperiments in which activin or sonic hedgehog are misex-
a central role both in the development of bilateral symmetrypressed on one side of the chick node suggest that these
and in the development of conserved left±right asymmetrymolecules do not spread across the midline (Levin et al.,
in vertebrates.1995). If the notochord speci®es cardiac left±right orienta-
tion by emitting either barrier or signaling molecules, the
expression of the genes that encode these molecules should
be regulated by the transcription factors ¯h and ntl, shown ACKNOWLEDGMENTS
here to be necessary for left±right development. The noto-
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